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Abstract: Rainfall-triggered flood and landslide hazards pose significant threats to human lives and
infrastructure worldwide. This study aims to evaluate the applicability of three satellite rainfall data
sets—namely, CMORPH, GPM, and TRMM—for the prediction of flood and landslide hazards using
a coupled hydrological-slope stability model. The spatial distribution of annual rainfall from the
three satellite data sets was similar to that of gauge rainfall, with an increasing trend from the north
to the south of Shaanxi Province. The average annual rainfall of CMORPH was the lowest, while that
of TRMM was the highest. The modeled discharges forcing by satellite rainfall generally matched the
observed discharges at four hydrological stations for the period 20102012, with average correlation
coefficients of 0.51, 0.61, and 0.57 for the CMORPH, GPM, and TRMM rainfall, respectively. The
exceedance probabilities of modeled discharges for the three satellite rainfall data sets were close
to those of the observations, particularly when the discharges were low. Moreover, the landslide
prediction results demonstrated that the three satellite rainfall data sets could simulate the spatial
distribution of landslide events well; these simulations were consistent with the information in
the landslide inventory map. Furthermore, when compared to the classical Intensity-Duration
(ID) rainfall threshold method, the physically based slope stability model presented higher global
accuracy under all three satellite rainfall data sets. The global accuracy of GPM rainfall was the
highest among the three data sets (0.973 for GPM vs. 0.951 for CMORPH and 0.965 for TRMM),
indicating that GPM rainfall provides the highest quality compared to CMORPH and TRMM rainfall.
These findings provide a crucial basis for the application of satellite rainfall data in the context of
flood and landslide prediction.

Keywords: flood and landslide hazards; coupled modeling; satellite rainfall; hydrological simulation;
landslide prediction

1. Introduction

Heavy rainfall-induced floods and landslides are natural hazards causing significant
damage to lives and property worldwide [1,2]. Predicting such hazards is an effective
way to mitigate this damage [3,4]. As such, flood forecasting and landslide prediction re-
search have been ongoing for decades. Hydrological models have been proposed for flood
simulation and forecasting, evolving from conceptual models [5-7] to semi-distributed
models [8,9] and, further, to fully distributed models [10-12]. Similarly, landslide predic-
tion methods have evolved from using heuristic susceptibility approaches [13-15] to being
applied in empirical rainfall threshold models [16-18] and, further, physically based slope
stability models [19-22]. However, single landslide prediction models typically consider
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all rainfall while ignoring the hydrological processes before rainfall infiltrates into the soil,
leading to the exaggeration of the impact of rainfall on soil moisture and slope stability [20].
The concept of cascading hazards has recently gained more attention, and hydrological
model and slope stability model coupling has been developed for the simultaneous predic-
tion of floods and landslides [22,23]. Hydrological models calculate hydrological processes
and provide accurate hydrological variables for slope stability models, improving landslide
prediction performance. Their approach provides a promising way to predict cascading
hazards and, consequently, to reduce the damages caused by these natural hazards.

Rainfall is a crucial variable in both hydrological and slope stability models, and
has a significant impact on flood forecasting and landslide prediction. Rainfall data can
be obtained from ground gauge stations, weather radars, and meteorological satellite
observations. While gauge stations provide accurate values of the actual rainfall, they
have limitations in capturing its spatial variability as they measure rainfall at the point-
level. Besides, gauge stations are subject to their own biases such as those from wind,
evaporation, wetting, and splashing effects, as well as those induced from the instruments
and observers [24]. Increasing the number of rainfall stations can improve the ability to
capture the spatial distribution of rainfall, but this requires significant human, material,
and financial resources, especially in mountainous areas. Additionally, distributed models
require gridded rainfall, which involves interpolating site rainfall into gridded rainfall,
leading to new errors and uncertainties [25].

Radar detection can provide relatively fine spatial resolution rainfall data for a large
region, covering approximately hundreds of square kilometers, with high temporal reso-
lution in near-real time. Besides, radar detection can revisit data within several minutes,
providing high-temporal resolution rainfall estimation. However, the accuracy of radar
rainfall is significantly affected by terrain, vegetation, and land surface cover [26], making
it less accurate in mountainous and highly urbanized areas. As such, correction methods
are required to improve the precision of radar rainfall.

Satellite rainfall is derived from the relationship between actual rainfall and cloud
reflectivity, with different retrieval algorithms constructed for different sensors and satel-
lites. Satellite rainfall has relatively low spatial resolution when compared to radar rainfall
(generally 0.25° or 0.1° for satellite rainfall vs. 0.01° for radar rainfall), which can lead to
the homogenization of the rainfall spatial distribution characteristics. However, the use
of satellite rainfall allows for the coverage of large areas, from local to continental and
global scales [27], making it beneficial for practical applications, especially in meteorology,
hydrology, and environmental fields for flood warning [28], drought monitoring [29], and
meteorological disaster forecasting [30]. Additionally, satellite rainfall data are almost all
open-access, allowing for their widespread use worldwide.

The most common satellite rainfall data sets include the Tropical Rainfall Measuring
Mission (TRMM) [31], Global Satellite Mapping of Precipitation (GSMaP) of the Global
Precipitation Measurement (GPM) mission [32], the Climate Prediction Center MORPHing
(CMORPH) data [33], the Integrated Multi-satellitE Retrievals for GPM (IMERG) [34],
and Precipitation Estimation from Remotely Sensed Information using Artificial Neural
Networks (PERSIANN) [35]. These data sets are based on different remote sensing sensors
and retrieval algorithms, resulting in the varying quality of satellite rainfall data [36].
Previous studies have pointed that the GPM rainfall usually has the highest accuracy,
among the different satellite rainfall data sets [37,38], when compared to gauge rainfall.
While satellite rainfall data are near-real time, they are usually characterized by relatively
low accuracy due to data transmission and lack of bias correction [39]. However, reanalyzed
satellite rainfall based on gauge rainfall has high accuracy, making it suitable for research
focused on historical scene reproduction, such as in flood simulation, environmental impact
evaluation, hazard modeling [40], and so on.

The objective of our study is to investigate the applicability of different satellite rainfall
data sets for flood and landslide modeling in Shaanxi Province using the integrated Coupled
Routing and Excess storage and SLope-Infiltration-Distributed Equilibrium (iCRESLIDE
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v2.0) model. We selected three well-known satellite rainfall data sets for our study—
namely, CMORPH rainfall, GPM rainfall, and TRMM rainfall—along with gauge rainfall
data, which served as the benchmark for the three satellite rainfall data sets. By comparing
the performance of the iCRESLIDE v2.0 model using these different rainfall data sets,
we aimed to identify the most suitable satellite rainfall data set for flood and landslide
modeling in Shaanxi Province.

The remainder of this article is organized as follows. Section 2 describes the study
area, data sets, and methods used in the study. Section 3 presents the main results of
our research, while Section 4 discusses the results in comparison with previous studies
and classic methods. Finally, Section 5 summarizes the conclusions and limitations of our
research. Our study aims to provide an adaptive method for the assessment of flood and
landslide hazards over a large region by applying satellite rainfall data.

2. Materials and Methods
2.1. Study Area

Shaanxi Province, located in the northwest region of China, is susceptible to frequent
flood and landslide hazards, particularly in the southern region, due to its abundant rainfall
and steep slopes [4]. The province covers an area of 205,800 km? and has elevations ranging
from 300 to 3500 m, with the highest elevation in the south followed by the elevations
in the north and middle (Figure 1a). The slopes in Shaanxi Province are steepest in the
south, followed by those in the north and central areas, with an average slope being
19.9° (Figure 1b). The study area encompasses three primary climatic zones, namely
the humid zone, semi-humid zone, and semi-arid zone, distributed from south to north
in the same order. The average annual rainfall ranges from 400-600 mm, 500-700 mm,
and 700-900 mm in the northern, central, and southern areas, respectively. The majority
of rainfall occurs during the summer months (June-August), accounting for 40-60% of
the total annual rainfall [4]. Due to the concentrated rainfall and steep slopes in the
southern area, rainfall-induced landslides occur frequently in southern Shaanxi, resulting
in numerous casualties and significant property losses. Between 2009 and 2012, over 1100
rainfall-triggered landslide events were recorded, primarily occurring in the southern
region (Figure 1b).
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Figure 1. Maps of (a) DEM and (b) slope of Shaanxi Province, associated with streams and landslide
records, respectively.
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2.2. Data Sets

We utilized three key data types: meteorological forcing data, basic geographic data,
and evaluation data. The meteorological forcing data consisted of rainfall data and poten-
tial evapotranspiration (PET) data. The basic geographic data primarily included digital
elevation model (DEM) data, soil type data, and land cover type data. To evaluate the
model’s performance, observed discharge data and landslide inventory data were em-
ployed (Table 1).

Table 1. Data sets used in the study and their pre-processing.

Variable Data Set Pre-Processing
The data were interpolated into a resolution of 1 km grid data via the
Gauge ..
Kriging method.
Rainfall CMORPH The daily rainfall data were interpolated into a resolution of 1 km via the
bilinear method.
CPM The hourly rainfall data were aggregated into daily scale and further
interpolated into 1 km resolution through the bilinear method.
TRMM The daily rainfall data were interpolated into a resolution of 1 km via the
bilinear method.
These data are in a spatial resolution of 0.25 degree and their time
PET GLDAS interval is 3 h. We interpolated them into 1 km resolution by using the
bilinear method and cumulated them to daily scale.
1 km-resolution DEM were from
DEM Hydrological data maps based on  The 1 km DEM of the study area was extracted from the original data.
HydroSHEDS
90 m-resolution DEM were from ..
the Geospatial Data Cloud. The 90 m DEM of the study area was extracted from the original data.
The original 30 m data set was resampled to 1 km and 90 m resolution for
Land cover type GlobeLand30-2010 being applied in the hydrological model and slope stability model,
respectively.
Soil tvpe Harmonized World Soil Database = This data was resampled to 90 m resolution when used in slope
yp (HWSD) v1.2 stability model.
Discharge Hydrological Year Books The dally. d1scha1jge data were arranged according to the
hydrological stations.
The landslide inventory data were
. obtained from the Geological . . . . . .
Landslide . The information on location, occurrence time, and triggering factor was
. Survey Office of the Department .
inventory selected for each landslide record.

of Land and Resources of Shaanxi

Province

2.2.1. Rainfall Data

The gauge rainfall data used in our study consisted of daily observations from 756 sta-
tions, which were provided by the China Meteorological Administration (CMA). These
gauge stations were distributed throughout mainland China, and the data were compiled in
the form of tables for each station, including the date, rainfall from 8:00 to 8:00 the following
day (in UTC time), quality control code, and default value. To obtain a more comprehen-
sive representation of the rainfall data, we utilized the Ordinary Kriging method [41] to
interpolate the site data into 1 km x 1 km gridded data. Subsequently, the rainfall data for
the study area were extracted from the gridded data using the basin mask.

CMORPH (Climate Prediction Center MORPHing technique) is a global rainfall esti-
mation method developed by the Climate Prediction Center of the National Oceanic and
Atmospheric Administration (NOAA) in the United States. The CMORPH rainfall is a
global rainfall data product based on the CMORPH method, covering the entire globe
and providing global rainfall information. It offers three temporal resolutions (30 min,
3 h, and 24 h) catering to different application needs. The CMORPH rainfall data also has
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high spatial resolution (i.e., 0.25°), providing relatively fine-grained rainfall information.
Moreover, the CMORPH rainfall data utilizes a multi-source data fusion method, which can
provide high-precision rainfall estimates. In our study, we obtained daily CMORPH rainfall
data and interpolated the data to a resolution of 1 km x 1 km using the bilinear method.
Subsequently, the rainfall data for the study area were extracted from the interpolated data
using the basin mask.

TRMM (Tropical Rainfall Measuring Mission) was a joint mission between NASA and
the Japan Aerospace Exploration Agency (JAXA) that aimed at providing global rainfall
measurements in the tropics. The TRMM rainfall is a global precipitation data product
based on the TRMM mission, offering high temporal resolution with 3-hourly and 24-
hourly temporal resolutions. The spatial resolution of TRMM rainfall data is the same
as that of the CMORPH rainfall (i.e., 0.25°). The TRMM rainfall data cover the tropical
region between 50° north and 50° south of the equator, providing detailed precipitation
information in this region. The TRMM rainfall data are obtained by utilizing a multi-
satellite data fusion method, which can provide more accurate precipitation estimation
through the combination of data from multiple satellites. However, it should be noted that
the TRMM mission ended in 2015 and so the TRMM rainfall is no longer updated. For our
study, we downloaded the daily TRMM rainfall and interpolated it to a spatial resolution
of 1 km using the bilinear method. Subsequently, the rainfall data in the study area were
extracted using the basin mask.

GPM (Global Precipitation Measurement) is an extension of TRMM, providing global
precipitation measurements. The GPM rainfall is a global precipitation data product,
offering hourly and 30-min temporal resolutions, which is capable of capturing rapid
changes in precipitation. The spatial resolution of the GPM rainfall data is 0.1° (equivalent
to an area of about 10 square kilometers per grid point), thus providing relatively fine-
grained precipitation information. The GPM rainfall data cover the entire globe, providing
global precipitation information. The GPM rainfall data are also obtained by utilizing a
multi-satellite data fusion method, providing more accurate precipitation estimates by
combining data from multiple satellites. For our study, we downloaded the hourly GPM
rainfall data and aggregated it to daily scale. Subsequently, the data were interpolated to a
1km x 1 km resolution using the bilinear method. Finally, the rainfall data for the study
area were extracted using the basin mask.

To ensure consistency and comparability among the different rainfall data sets used in
our study, all of the rainfall data were from the same period (2009-2012) and had the same
spatial resolution (1 km), corresponding to the hydrological data and limited landslide
inventory data.

2.2.2. Other Data Sets

The PET (Potential Evapotranspiration) data used in our study were obtained from
the Global Land Data Assimilation System (GLDAS) [42], with a spatial resolution of 0.25°
and a temporal interval of 3 h. To match the spatial resolution of the other data used in the
study, we interpolated the original PET data to a 1 km resolution using the bilinear method.
Subsequently, the PET data were aggregated to daily scale, in order to match the temporal
resolution of the rainfall data.

The DEM data used in our study had a spatial resolution of 1 km and were derived
from Hydrological data maps based on Shuttle Elevation Derivatives at multiple Scales
(HydroSHEDS) [43]. HydroSHEDS is a global data set of hydrological features and charac-
teristics, including elevation data, that was developed by the World Wildlife Fund (WWF)
and the US Geological Survey (USGS). The 90 m resolution DEM data were downloaded from
the geospatial data cloud, which covers the land area from 60°N to 60°S and was released to
the public in 2003. Both the 1 km and 90 m resolution DEM data were used in our study in
order to provide different levels of detail and accuracy in the topographic information.

The soil type data used in our study were derived from the Harmonized World Soil
Database v1.2 [44], which has a spatial resolution of 1 km. The Harmonized World Soil
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Database is a global data set of soil properties and characteristics that was developed by
the Food and Agriculture Organization (FAO) of the United Nations. The land cover type
data were obtained from the GlobeLand30-2010 product [45], which had an original spatial
resolution of 30 m. To match the spatial resolution of the other data used in the study, we
resampled the land cover type data to 1 km.

The daily observed discharge data used in our study were obtained from Hydrological
Year Books, which were used to calibrate the hydrological model results. We conducted
model calibration and validation at four hydrological stations: Lueyang Station, Shiquan
Station, Nanronghua Station, and Taoyuan Station (the red triangles in Figure 1). The land-
slide inventory data were obtained from the Geological Survey Office of the Department of
Land and Resources of Shaanxi Province and included information on landslide locations,
occurrence time, associated casualties, and triggering factors. As the landslide inventory
data were only available from 2009 to 2012, we chose this period as our study period and
pre-processed all data over this period. Furthermore, we used the period of 2009-2010 for
model calibration and the period of 2011-2012 for model validation.

2.3. Methods
2.3.1. Description of iCRESLIDE v2.0 Model

The iCRESLIDE model used in our study is a coupled flood-landslide model that
includes two components. The first component is the CREST hydrological model, which
was developed by NASA and the University of Oklahoma. The CREST model is a physically
based distributed hydrological model that simulates the water balance and flow processes
in a watershed [46]. The second component is the slope stability model called the SLIDE
model, which was originally developed by Montrasio and Valentino [19] and later improved
by Liao et al. [20]. The SLIDE model is a physically based deterministic model that simulates
the slope stability and potential for landslides in an area based on the topographic and soil
properties of the area. The iCRESLIDE model couples these two models to simulate the
interactions between floods and landslides in a watershed.

The simulation of the CREST model begins with the canopy interception of rainfall.
The rainfall that reaches the soil surface is then divided into surface runoff and infiltration,
based on the Variable Infiltration Capacity (VIC) curve. A virtual multi-linear reservoir is
used to calculate overland and sub-surface flows, and the interaction between surface and
sub-surface flow is accounted for through the coupling of the runoff generation process
and the routing scheme. A detailed description of the CREST model can be found in the
study conducted by Wang et al. [46]. The SLIDE model used in our study is an infinite
slope stability model that uses a mathematical method to simulate the rainfall-triggered
landslide process. The model accounts for the contribution of apparent cohesion to the
shear strength of the soil and the thickness of the infiltrated layer affected by rainfall-runoff
processes. The original SLIDE model considers the entire amount of rain that infiltrates
into the soil, neglecting runoff and evapotranspiration, and this is a disadvantage of the
model. However, this problem can be addressed by using hydrological models that take
these factors into account [22,23].

The iCRESLIDE model couples the CREST and SLIDE models through the soil mois-
ture and infiltration processes. Soil moisture is an output variable in the hydrological
processes of the CREST model, while the infiltration process changes the degree of soil satu-
ration and thus further impacts slope stability in the SLIDE model. The iCRESLIDE model
can simulate and predict floods and landslides simultaneously, making it both beneficial
and efficient. However, the iCRESLIDE model is typically only suitable for small-scale
studies. As the study area increases in scope, the model becomes more inefficient and may
even terminate [22].

One way to address the inefficiency and termination of the iCRESLIDE model at
larger scales is to reduce the spatial resolution of the model. However, this may lead
to other issues, such as difficulties in landslide validation. In fact, a previous study has
suggested that the appropriate spatial resolution for landslide validation is 90 m [47]. To
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overcome this issue, an improved version of the iCRESLIDE model, called iCRESLIDE v2.0,
has been developed, which introduces a soil moisture downscaling method to couple the
hydrological and slope stability models at different spatial scales. In this version, the spatial
resolution of the hydrological processes in the CREST model can be set to 1 km, while the
spatial resolution of the SLIDE model is set to 90 m or finer. The two models have different
spatial resolutions and are related to each other through soil moisture (Figure 2), which
is down-scaled using the topographic wetness index (TWI). A detailed description of this
method can be found in the study conducted by Wang et al. [22].
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Figure 2. Flowchart of the methodology in the study.

2.3.2. Model Performance Evaluation

The iCRESLIDE v2.0 model was utilized to simulate flood and landslide events in
the study area only from 2009 to 2012 due to limited data availability, particularly when
it came to the landslide inventory data. To compare the impact of different rainfall data
on model simulation, the model parameters were first calibrated using gauge rainfall data,
following which the model was forced with three other satellite rainfall data sets, using the
same parameters as in the calibration procedure. To minimize the impact of the initial state
on model simulation, the modeled results from 2010 to 2012 were selected for the model
performance evaluation. The model parameters and other inputs were pre-processed before
model simulation. A detailed description of the model parameterization can be found in
the study conducted by Wang et al. [22].

The metrics used to assess the performance of the hydrological model were the corre-
lation coefficient (Cc) and relative bias. The Cc indicates the degree of relationship between
the modeled and observed discharge, while relative bias is often used to measure the degree
of deviation. The root mean square error (RMSE) can be also used for the evaluation of
model performance; however, the RMSE is sensitive to the abnormal value: for instance,
very large modeled discharges. Therefore, it was not adopted in our study. A high Cc and
low relative bias suggest that the modeled discharge process is similar to the observation,



Remote Sens. 2023, 15, 2457

8 of 22

indicating that the hydrological model has a strong capability to simulate the hydrological
process. The Cc and relative bias are expressed as follows:

Cov(x,y)

Co= 1
\/ Var(x)Var(y)
S Xi — Y
Relative bias = % x 100%, (2)
nli=1Yi

where x is the modeled discharge (m>/s), y is the observed discharge (m3/s), Cov(x,y) is
the covariance between x and y, Var(x) and Var(y) are the variances of x and y, respectively,
and 7 is the length of the discharge data.

To assess the predictive capability of the SLIDE model for landslide simulation, the
Receiver Operating Characteristic (ROC) curve was utilized. The ROC curve indicates
whether a binary classification model is effective or not. The binary classification has four
possible outcomes: true positive (TP, a landslide is correctly modeled), false positive (FP, a
modeled landslide is outside the landslide inventory), true negative (TN, an area is stable
for both model prediction and observation), and false negative (FN, a landslide is not
captured by the model). Two statistics—true positive rate (TPR, also known as sensitivity)
and true negative rate (TNR, also called specificity)—are further defined as follows:

TP

TN

The TPR represents the proportion of correctly predicted landslides, while the TNR
is the percentage of negative cases that were accurately predicted. A high TPR indicates
that the model captured more landslides, while a high TNR suggests that few modeled
landslides were outside the landslide database. The ROC curve comprises TPR and TNR
pairs, which are calculated under different cutoff values. In our study, the cutoff variable
was the factor of safety (FS). A model performs well if the ROC curve is close to the upper-
right corner. The area under the curve (AUC) indicates the overall accuracy of the model.
The larger the AUC value, the more accurate the model is in predicting landslides.

3. Results
3.1. Rainfall Analysis

The annual rainfall in the study area was calculated using the four rainfall data sets,
as depicted in Figure 3. To facilitate comparison, we use the same legend for all four
results in the figure. It is evident that the annual rainfall increases from north to south,
with the lowest annual rainfall (of 200 mm) in the northwestern area and the highest
(approximately 1200-1400 mm per year) in the southern region. Among the different
rainfall data, CMORPH (Figure 3b) presented the lowest annual rainfall, with a regional
average of 567 mm, followed by gauge, GPM, and TRMM, with regional averages of
623 mm, 734 mm, and 739 mm, respectively. Additionally, the three satellite rainfall data
were all higher than gauge rainfall in the central region, particularly for GPM and TRMM
rainfall (Figure 3c,d). CMORPH rainfall was lower than gauge rainfall in the area between
the central and southern regions. These findings suggest that the different satellite rainfall
data have varying levels of precision in spatial scale, which can impact the simulation of
hydrological processes and, ultimately, the predicted slope stability.
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Figure 3. Spatial distribution of annual rainfall: (a) Gauge; (b) CMORPH; (c¢) GPM; and (d) TRMM.

The regional daily average rainfall was computed, as presented in Figure 4. Gener-
ally, the highest rainfall occurred from July to September, indicating a strong monsoon
characteristic. Compared to gauge rainfall (the red dot in Figure 4), CMORPH rainfall (the
blue circle in Figure 4) appeared to be lower, while GPM and TRMM rainfall (the pink and
green circles in Figure 4, respectively) were higher, consistent with the spatial maps for
the four rainfall data sets. The maximum daily rainfalls for gauge, CMORPH, GPM, and
TRMM were 32.77 mm, 22.57 mm, 35.32 mm, and 40.75 mm, respectively, suggesting that
GPM rainfall is similar to gauge rainfall in extreme situations. The statistics reveal that the
Ccs between gauge rainfall and CMORPH, GPM, and TRMM rainfall were 0.63, 0.72, and
0.74, respectively, while the relative biases were —9.02%, 17.70%, and 18.58%, respectively.
Although CMORPH rainfall had the lowest relative bias, its Cc was also the lowest. The
Ccs for GPM and TRMM rainfall were comparable, but the relative bias of GPM rainfall
was lower than that of TRMM rainfall. Furthermore, CMORPH rainfall appeared to be
higher in April and May, and this could significantly impact the simulation.
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Figure 4. Regional average rainfall for the four rainfall data sets in time-series form.

The probability of exceedance for each of the four rainfall data sets was also calculated
(Figure 5). CMORPH rainfall was consistently the lowest among the four rainfall data
sets. The exceedance probability of gauge rainfall was highest when rainfall was less than
3 mm/d (the upper-left inner chart in Figure 5). As rainfall increased, the exceedance prob-
ability of gauge rainfall decreased, approaching that of CMORPH rainfall. The exceedance
probability of TRMM rainfall exhibited significant variability: it was lowest when rainfall
was less than 1 mm/d but increased substantially and became the highest when rainfall
was greater than 4 mm/d (the bottom-right inner chart in Figure 5). This indicates that
TRMM rainfall has considerable variation and requires significant improvement in quality.
Among the four rainfall data sets, the exceedance probability of GPM rainfall was the most
stable. When rainfall was less than 3 mm/d, the exceedance probability of GPM rainfall
was closest to that of gauge rainfall, when compared to the exceedance probabilities of
CMORPH and TRMM rainfall. However, when rainfall was greater than 5 mm/d, the
exceedance probability of GPM rainfall was similar to that of TRMM rainfall, indicating
that GPM rainfall generally overestimates actual rainfall during heavy rainfall events. This
should be taken into account when using GPM rainfall for research purposes.
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Figure 5. Probability of rainfall exceedance for the four rainfall data sets.
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3.2. Flood Simulation

Daily discharges at the four hydrological stations were simulated using the iCRESLIDE
v2.0 model, as shown in Figure 6. The modeled discharges forced by gauge rainfall (the red
virtual line in Figure 6) generally matched the observations well, particularly for Shiquan
Station (Figure 6b) and Taoyuan Station (Figure 6d). For the other two hydrological stations,
the modeled discharges were close to the observations in the period 2010-2011, but were
slightly higher than the observations in 2012. When using different satellite rainfall, the
modeled discharges forced by GPM and TRMM rainfall (the pink and green virtual lines in
Figure 6, respectively) were significantly higher than the observations, particularly during
summer (when rainfall was concentrated and abundant). This finding is consistent with the
result that GPM and TRMM tend to overestimate the actual rainfall during heavy rainfall
events. Additionally, the differences between modeled discharges by GPM and TRMM
rainfall and the observations at Lueyang Station and Shiquan Station (Figure 6a,b) were
greater than those at Nanronghua Station and Taoyuan Station (Figure 6¢,d). This may be
due to the fact that Lueyang Station and Shiquan Station are located in the humid southern
region of Shaanxi Province, which receives abundant rainfall during the monsoon season,
while Nanronghua Station and Taoyuan Station are situated in the central part of the study
area, with only about 500 mm of rainfall per year. Although GPM and TRMM rainfall
overestimated the actual rainfall, this overestimation was relatively higher in the south than
in the north. The modeled discharges using CMORPH rainfall were generally the smallest
among the four rainfall data sets. However, they appeared to be higher in April and May
(the blue virtual line in 2011 and 2012 in Figure 6a, in 2010 and 2011 in Figure 6b, in 2011
and 2012 in Figure 6c, and in Figure 6d). This could be attributed to the fact that CMORPH
rainfall is higher in spring and often overestimates actual rainfall during this period (the
upper-left inner chart in Figure 5), which may explain why the modeled discharge using
CMORPH rainfall tended to be higher in spring.

We also calculated the Cc and relative bias of the modeled discharges for the four
rainfall data sets at the four hydrological stations (Lueyang Station, Shiquan Station, Nan-
ronghua Station, and Taoyuan Station), as shown in Figure 7. The Ccs of gauge rainfall
were 0.57, 0.77, 0.61, and 0.73, while the relative biases were 5.19%, —1.03%, —10.01%,
and —2.28%, respectively (i.e., ranging between —10% and 10%). The results indicate that
the modeled discharges matched the observations well, and the model simulation was
generally accurate. For CMORPH rainfall, the relative biases were 3.85%, —24.01%, —3.00%,
and —3.54%, which were smaller than those of GPM and TRMM rainfall. Furthermore,
the Ccs of CMORPH rainfall were the lowest among the four rainfall data sets at all four
hydrological stations, with values of 0.42, 0.46, 0.45, and 0.70 for Lueyang, Shiquan, Nan-
ronghua, and Taoyuan stations, respectively. For GPM and TRMM, the relative biases
were significantly higher than those of gauge rainfall due to the overestimation of rainfall.
However, the Ccs of these two satellite rainfall data sets were close to that of gauge rainfall
(except at Shiquan Station). Notably, the Cc of GPM rainfall was even higher than that
of gauge rainfall at Taoyuan Station (0.76 for GPM rainfall vs. 0.72 for gauge rainfall),
indicating that although the bias of modeled discharges using GPM rainfall was greater
than that of gauge rainfall, the model simulation forced by GPM rainfall had a strong
relationship with the actual hydrological processes.

The probability of exceedance of modeled discharges was also calculated, as presented
in Figure 8. The exceedance probability of modeled discharges for gauge rainfall (the red
line in Figure 8) was generally close to that of the observations, particularly at Lueyang
Station and Taoyuan Station (Figure 8a,d); however, for the other two hydrological stations
(i.e., Shiquan Station and Nanronghua Station), the exceedance probability lines of the
observations exhibited significant variability, especially for Shiquan Station, where the
exceedance probability decreased substantially when discharge increased from 600 to
700 m?/s. The exceedance probability of modeled discharges for CMORPH rainfall (the
blue line in Figure 8) was generally the lowest among the four rainfall data sets; however,
it matched the exceedance probability of observations quite well at low discharge and
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was close to that of gauge rainfall (Figure 8a,c,d). For GPM and TRMM rainfall, the
discharge exceedance probability lines of the two satellite rainfall data sets were quite
similar for the four hydrological stations. However, the exceedance probabilities of these
two satellite rainfall data sets were both higher than those of the observations, due to
rainfall overestimation. Although the exceedance probabilities of modeled discharges
using GPM and TRMM rainfall were generally high at the four hydrological stations, they
matched the observations well at low discharge, particularly at Shiquan Station (Figure 8b).
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Figure 6. Observed and modeled daily discharges forced by the four rainfall data sets at the
four hydrological stations: (a) Lueyang Station; (b) Shiquan Station; (c) Nanronghua Station; and
(d) Taoyuan Station.
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3.3. Landslide Simulation

In the iCRESLIDE v2.0 model, slope stability is related to soil water content, which is
influenced by rainfall infiltration. To investigate the relationship between rainfall infiltration
and soil water content, we calculated the regional average infiltration and degree of soil
saturation, as shown in Figure 9. Generally, the infiltration under CMORPH rainfall
(blue square) was the lowest, while the infiltration under both GPM and TRMM rainfall
(the pink and green squares in Figure 9) was similar to that under gauge rainfall (red
square). Despite GPM and TRMM rainfall being greater than gauge rainfall, the infiltration
results were not significantly different. This could be due to the fact that the rainfall of all
three data sets exceeded the infiltration capacity. The degree of soil saturation has a strong
relationship with infiltration, and changes in the degree of soil saturation are similar to those
in infiltration, particularly in spring and summer. The soil saturation degree of CMORPH
rainfall (blue line) was generally the lowest throughout the study period, except for April
and May, consistent with the fact that CMORPH rainfall was high during these months.
Additionally, the degree of soil saturation under GPM rainfall (pink line) was similar to
that under gauge rainfall (red line), particularly from September to November in 2011,
indicating that the simulation of hydrological processes forced by GPM rainfall was similar
to that forced by gauge rainfall under the same model parameters. Overall, the results
suggest that the iCRESLIDE v2.0 model is capable of capturing the relationship between
rainfall infiltration and soil water content, which is crucial for accurately simulating slope
stability and landslide hazards.
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Degree of soil saturation (%)
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Figure 9. Modeled results of regional average rainfall infiltration and degree of soil saturation in time
series (here, Infil represents infiltration and SWC denotes soil water content).

Slope stability is represented as the factor of safety (FS) in the iCRESLIDE v2.0 model.
We calculated the minimum FS value for each grid cell during the modeled period in the
study area, as shown in Figure 10, for the four rainfall data sets. Compared to Figure 1b,
the spatial distributions of FS for all four rainfall data sets matched the landslide inventory
map. The FS value was generally low in the south, indicating that landslides are more likely
to occur in the southern part of Shaanxi. The FS value was greater than 1.5 in most areas of
the central and northern regions, indicating that these areas are the most stable regions of
Shaanxi Province. The area between the central and northern regions had a slightly lower
FS, due to the relatively steep slopes in this area (see Figure 1b) compared to those in the
central and northern regions. In fact, slope is a crucial factor that influences landslides,
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as it affects soil depth and cohesiveness. A high slope angle increases the likelihood of
landslides occurring under the same rainfall conditions compared to a low slope angle [4].
Although the spatial distribution of FS values for different satellite rainfalls was similar to
that for gauge rainfall, there were still differences in some areas. For CMORPH rainfall, the
area with an FS of less than one accounted for 6.21% of the total area (Figure 10b), and this
was smaller than that for gauge rainfall (6.28% of the total area), which is consistent with
the fact that CMORPH rainfall was the smallest among the four rainfall data sets. The FS
maps of GPM and TRMM rainfall were both similar to that of gauge rainfall, but the FS
map of TRMM rainfall presented more red grid cells (Figure 10d), and the percentage of
area with FS less than one for TRRM rainfall was 6.32% of the total area, due to the higher
rainfall in TRMM. The FS map of GPM rainfall (Figure 10c) was the closest to that of gauge
rainfall, with 6.30% of the area having an FS of less than one, indicating that GPM rainfall
is more accurate than CMORPH and TRMM rainfall in this regard.
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Figure 10. Minimum FS of the study area during the modeled period: (a) Gauge; (b) CMORPH;
(c) GPM; and (d) TRMM.
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We also calculated the ROC curves of the modeled results derived from the four rainfall
data sets (Figure 11). The ROC curve for gauge rainfall was the closest to the upper-right
corner, with the greatest AUC value (0.976), indicating that the iCRESLIDE v2.0 model has
reliable landslide prediction ability. Moreover, the curve of gauge rainfall had the highest
TPR value at the same TNR value among the four curves in most cases, indicating that the
model was accurate for not only landslide prediction but also non-landslide simulation.
The ROC curve of CMORPH rainfall was the lowest and had the smallest AUC value
(0.951), which may have been due to it having the lowest rainfall. The ROC curves of GPM
and TRMM rainfall were both close to the upper-right corner, with AUC values of 0.973
and 0.965, respectively. The ROC curve of GPM rainfall was the closest to that of gauge
rainfall, when compared to CMORPH and TRMM rainfall, indicating that GPM rainfall has
high precision and may be effectively used for regional landslide prediction. Overall, the
results suggest that the iCRESLIDE v2.0 model is reliable in landslide prediction, and that
the GPM rainfall data can serve as a suitable alternative to gauge rainfall data for regional
landslide prediction.
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Figure 11. ROC curves modeled by the four rainfall data sets.

4. Discussion

In this study, we evaluated the effectiveness of different satellite rainfall data sets in
terms of hydrological simulation and landslide prediction using the iCRESLIDE v2.0 model.
This model was first calibrated using gauge rainfall data, following which CMORPH, GPM,
and TRMM rainfall data were used to force the model under the same parameters. As
expected, the model performed better when forced by gauge rainfall than when forced
by the other three satellite rainfall data sets. However, the results indicated that the
performance with GPM rainfall was quite close to that of gauge rainfall for both flood
simulation and landslide prediction, showing high Cc and AUC values [48]. This was
because GPM rainfall has high accuracy when compared to the other satellite rainfall data
sets. The spatiotemporal distribution of GPM rainfall is similar to that of gauge rainfall,
leading to better model performance when forced by GPM rainfall [49]. Overall, the results
suggest that the GPM rainfall data set can serve as a suitable alternative to gauge rainfall
data for hydrological simulation and landslide prediction using the iCRESLIDE v2.0 model.
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To further evaluate the performance of the iCRESLIDE v2.0 model in landslide pre-
diction, we compared it with the classical ID (Intensity-Duration) threshold model. We
randomly selected grid cells that experienced three times the normal number of landslide
events, then calculated the rainfall intensity and duration for these landslide and non-
landslide grid cells. The time step of the iCRESLIDE v2.0 model used in our study is one
day, and so we defined a rainfall event as continuous rainfall or discontinued rain with
non-rain intermittent periods of less than or equal to one day. To account for the impact of
antecedent rainfall on landslide occurrence, we calculated the effective rainfall according to
the widely used exponential form method, which can be expressed as follows:

PE = 21‘1:0 aipi/ (5)

where P, is the effective rainfall, # is the rainfall duration, « is the coefficient of effective
rainfall, and P; denotes the ith day’s rainfall before the landslide event. The value of & can
vary in different regions. Therefore, we calculated the Cc of effective rainfall and landslide
events under different values of « and different antecedent days, as shown in Figure 12.
The results indicate that the Cc is highest when « is equal to 0.8 and the antecedent day is
12. Therefore, we determined the coefficient of effective rainfall to be 0.8.

0.826

0.808

- 0.791

- 0.773

0.756

0.738

Figure 12. Heat map of Cc between rainfall and landslide under a varying number of antecedent
days and different effective rainfall coefficients.

We calculated the rainfall volume, duration, and intensity for each landslide and non-
landslide grid cell. The rainfall threshold line was then calculated using a linear regression
model and adjusted by its intercept in order to ensure that 90% of the total grid cells were
predicted correctly by the ID model (the red lines in Figure 13a—-d). The ID models for
the four rainfall data sets are shown in Figure 13e, and the equations are listed in Table 1.
The threshold line for CMORPH rainfall was the lowest, with a slope of —0.378 and an
intercept of 0.850, while the threshold line of TRMM rainfall was the highest, with a slope
of —0.277 and an intercept of 1.048; these values were consistent with the results of the
rainfall analysis. The threshold line of GPM rainfall was the closest to that of gauge rainfall,
with almost equal intercepts (1.070 for GPM rainfall vs. 0.995 for gauge rainfall) and similar
slopes (—0.346 for GPM rainfall vs. —0.461 for gauge rainfall). These results further support
the notion that GPM rainfall has good quality and landslide prediction ability.
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Figure 13. Rainfall threshold lines of ID model: (a) Gauge; (b) CMORPH; (¢) GPM; and (d) TRMM
rainfall. All the four threshold lines are shown in sub-figure (e) in order to compare these lines directly.

We also calculated the AUC values of the ROC curves for the ID models (Table 2).
Generally, the AUC values for the ID models were lower than those for the iCRESLIDE v2.0
models for all rainfall data sets. The gauge rainfall had the highest AUC values for both
the iCRESLIDE v2.0 and ID models, with values of 0.976 and 0.860, respectively. The AUC
values of GPM rainfall were the highest among the three satellite rainfall data sets (0.973
vs. 0.951 and 0.965 for the iCRESLIDE v2.0 model and 0.566 vs. 0.546 and 0.408 for the ID
model), indicating that GPM rainfall had the best landslide prediction ability. Moreover,
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the higher AUC values of the iCRESLIDE v2.0 model suggest that this physically based
model is more robust than the ID model. The iCRESLIDE v2.0 model has good adaptability
to different situations and to forcing data.

Table 2. AUC values of iCRESLIDE v2.0 and ID models, as well as ID model equations.

Rainfall AUC of SLIDE Model = AUC of ID Model Equation of ID Model
Gauge 0.976 0.860 log,, I = 0.995 — 0.461log;, D
CMORPH 0.951 0.546 log,, I = 0.850 — 0.378log,, D
GPM 0.973 0.566 logy I = 1.070 — 0.346log,, D
TRMM 0.965 0.408 log,, I = 1.048 — 0.277log,y D

5. Conclusions

In this study, we aimed to explore the effectiveness of different satellite rainfall data
sets in flood and landslide simulation using the iCRESLIDE v2.0 model. The results
demonstrated that the CMORPH, GPM, and TRMM rainfall data sets performed well in
flood simulation and landslide prediction, yielding high Cc and AUC values. Among the
three satellite rainfall data sets, GPM rainfall presented the best performance, with good
model simulation quality and ability. Moreover, the physically based iCRESLIDE v2.0
model was found to be more robust than the ID threshold model, which is a statistical
method. The strong applicability of the considered model and the wide availability of
satellite rainfall data can provide beneficial and efficient results for the prediction of floods
and landslides over large regions, reducing the damages caused by these hazards and
providing effective countermeasures for disaster management departments.

However, this study has some limitations that need to be addressed and resolved in
future research. One limitation is that satellite rainfall data may have biases compared
to gauge rainfall data, and this can affect the accuracy of the model. To obtain more
accurate rainfall data, correction methods for satellite rainfall, such as the multi-source
rainfall fusion method [50,51], have been proposed by many researchers, and applying
these methods could improve the performance of the developed model. Additionally, with
the development of new techniques, satellite rainfall data sets are becoming more abundant.
Newly available satellite rainfall data sets are expected to have higher accuracy and can be
better utilized in such models. Therefore, future research should focus on improving the
accuracy of satellite rainfall data and exploring new techniques to enhance the performance
of the model in use.
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accessed on 1 June 2017). GPM rainfall data were downloaded from the National Aeronautics
and Space Administration (https://gpm.nasa.gov/data, accessed on 27 February 2014). TRMM
rainfall data were downloaded from the National Aeronautics and Space Administration (https:
//gpm.nasa.gov/missions/trmm, accessed on 27 November 1997). The potential evapotranspiration
data were provided by Global Land Data Assimilation System (GLDAS, https:/ /ldas.gsfc.nasa.gov/
gldas/GLDASdownload.php, accessed on 1 March 2004). The DEM data with 90 m resolution
were provided by the Geospatial Data Cloud site, Computer Network Information Center, Chinese
Academy of Sciences (http://www.gscloud.cn, accessed on 6 January 2015). The DEM data with
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1 km resolution were provided by HydroSHEDS (https:/ /hydrosheds.org/pages/availability, ac-
cessed on 4 March 2008). The land cover data were derived from GlobeLand30-2010, which is a
product of global land cover at a spatial resolution of 30 m derived from remote-sensing images in
2010 (http:/ /www.globeland30.cn, accessed on 1 May 2014). The soil data were obtained from the
Harmonized World Soil Database (HWSD) v1.2 (https://daac.ornl.gov/SOILS/guides/HWSD.html,
accessed on 15 September 2014). The landslide hazard data were obtained from the geological survey
office of the Department of Land and Resources of Shaanxi Province. The discharge data were
digitalized from Hydrological Year Books.
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